Abstract: Azasugars are known as potent inhibitors of glycoside hydrolases. In this study, we examined the inhibition of Cellvibrio gilvus cellobiose phosphorylase (CBP) by four azasugars (isofagomine, 1-deoxynojirimycin, castanospermine and calystegine B2) and a non-azasugar (glucono-1,5-lactone). Isofagomine strongly inhibited CBP, whereas 1-deoxynojirimycin, castanospermine, and glucono-1,5-lactone exhibited moderate or weak inhibition. Calystegine B2 did not inhibit CBP. Kinetic analysis in the presence of sulfate indicated that it is an extremely weak competitive inhibitor against phosphate. Moreover, crystal structures of CBP complexed with isofagomine or 1-deoxynojirimycin were determined, revealing molecular recognition of the glucosidase inhibitors by the phosphorolytic enzyme. These inhibitors are bound at subsite 1 and form several hydrogen bonds with the protein and anion (phosphate or sulfate). The strong inhibition by isofagomine is probably due to an electrostatic interaction between its endocyclic amino group and phosphate.
The reaction mechanisms of glycoside hydrolases (GHs) acting on β-glycosidic bonds generally involve distortion of the sugar ring of the substrate at subsite 1.
1) So-called mechanism-based GH inhibitors are often proposed to mimic the charge or geometry of the transition state.
2) Azasugars (or iminosugars) are pseudo-sugars with nitrogen in the ring. They are known as potent GH inhibitors that involve an electrostatic interaction between their endocyclic nitrogen and the acidic catalytic residues of GHs (Asp or Glu). Isofagomine (IFG) and 1-deoxynojirimycin (DNJ) resemble glucose, differing in the presence of an endocyclic nitrogen at the position of an anomeric carbon (C1) or ring oxygen (O5) (Figs. 1 (a) and (b)). Castanospermine (CTS) and calystegine B2 (CgB2) are azasugars fused with heterocycles (Figs. 1 (c) and (d)). These azasugars strongly inhibit various α-glucosidases as well as β-glucosidases (Table 1) . In particular, IFG exhibits a very strong inhibition toward GH family 1 (GH1) β-glucosidase from Thermotoga maritima (TmBGL).
3,4) A non-azasugar, glucono-1,5-lactone (GCL), which adopts distorted half-chair conformations due to the fl attened anomeric region ( Fig. 1 (e) ), moderately or weakly inhibits glycosidases. Sugar phosphorylases are a group of enzymes that cleave glycosidic bonds by transferring inorganic phosphate instead of water (phosphorolysis). Sugar phosphorylases are able to elongate glycoside chains due to the reversible nature of their reactions, 5) therefore, they have attracted interest as catalysts for the synthesis of oligosaccharides for food additives, cosmetic ingredients, and other functional biomaterials.
6 9) Enzymes in an inverting sugar phosphorylase family, GH94, e.g., cellobiose phosphorylase (CBP, EC 2.4.1.20) and chitobiose phosphorylase, demonstrate structural and mechanistic similarities to inverting GHs. 10 12) We have determined two crystal structures of Cellvibrio gilvus CBP complexed with anions and sugars: a complex with phosphate, glycerol in subsite 1, and glucose in subsite +1 (PDB code 2CQT), and complex with sulfate and glucose in subsite +1 (PDB code 2CQS).
13) Computational docking and molecular dynamics analyses indicated that the reaction of CBP proceeds through a pre-transition state (Michaelis complex), the glycon sugar of which is in a distorted 1 S3 conformer at subsite 1. 14) It has been shown that IFG strongly inhibits retaining glycosyl transferase (GT) family 35 glycogen phosphorylase (GP), but DNJ does not (Table 1) . GP inhibitors have been developed and studied as a potential therapy for improving hyperglycemia associated with type 2 diabetes.
15) The crystal structure of rabbit muscle GP b in complex with IFG has been reported. 16) However, the inhibition of inverting sugar phosphorylases by the mechanism-based glucosidase inhibitors has not yet been studied. In this study, we examined the inhibition of fi ve glucosidase inhibitors against CBP and solved three structures of CBP-inhibitor complexes by Xray crystallography to reveal the interactions between them. Kinetic analysis of sulfate inhibition was also performed.
MATERIALS AND METHODS
Kinetic measurement. IFG hydrochloride was purchased from Toronto Research Chemicals (North York, Canada). (+)-CgB2 was purchased from Alexis Biochemicals (San Diego, USA). DNJ, CTS, and other chemicals were purchased from Wako Pure Chemical Industries (O saka, Japan) unless otherwise noted. Protein expression and purifi cation of CBP were described previously.
13) Enzymatic activity was measured by the glucose oxidase-peroxidase (GOD-POD) method. Coloring reagent was prepared by dissolving a bottle of the lyophilized Enzyme Mix of Glucose CII test Wako kit (Wako Pure Chemical Industries) into 150 mL of solution containing 200 mM HEPES-NaOH buffer (pH 7.6) containing 5.3 mM phenol. The standard activity assay mixture (200 μL) contained 10 mM cellobiose, 10 mM sodium phosphate (adjusted to pH 7.6), 1/4 volume of the coloring reagent, and 1.18 μg/mL CBP. Production of glucose was continuously monitored at 505 nm at 37 C using a DU-7400 spectrophotometer (Beckman Coulter, Brea, CA, USA). One unit was defi ned as the amount of the enzyme that produced 1 μmol of glucose per min under the above conditions. The apparent kinetic parameters of each cellobiose and orthophosphate (Pi) in the absence of inhibitors were determined by curve-fitting the initial rates at several concentrations of the substrate with the fi xed concentration (10 mM 
Crystallography. Crystallization and X-ray data collection were basically performed as described previously.
13) Crystals were prepared by the sitting-drop vapor diffusion method at 20 C, by mixing 1 μL of 10 mg/mL protein in 10 mM TrisHCl (pH 7.0) and 1 μL of reservoir solution. IFG-SO4 complex crystals were grown in 1.6 M (NH4)2SO4, 0.1 M HEP-ES-NaOH (pH 7.5), 10 mM glucose and 1 mM IFG. DNJ-SO4 complex crystals were grown in 1.6 M (NH4)2SO4, 0.1 M HEPES-NaOH (pH 7.5), 10 mM glucose, and 1 mM DNJ. DNJ-PO4 complex crystals were grown in 1.4 M Na/K-phosphate (pH 7.5), 10 mM glucose and 1 mM DNJ. Diffraction data were collected using NW12A beamline at the Photon Factory, AR, High Energy Accelerator Research Organization (KEK), Tsukuba (λ = 1.0 Å). Diffraction images were processed using HKL2000.
17) Model rebuilding and refi nement were performed using Coot 18) and Refmac5. 19) Data collection and refi nement statistics are shown in Table 2 . Molecular graphic fi gures were prepared using PyMol (Delano Scientifi c). The atomic coordinates and structure factors (accession codes 3QFY, 3QFZ and 3QG0) have been deposited in the Protein Data Bank.
RESULTS

Kinetic analysis of inhibition.
Phosphorolysis of CBP exhibits a random-ordered Bi Bi mechanism. Binding of substrates, Pi and cellobiose, is in random order, whereas release of products is in order of glucose and then α-glucose 1-phosphate. 13, 20, 21) We measured the phosphorolytic reaction of CBP by monitoring glucose formation continuously. The apparent kinetic parameters (Km and Vmax) on cellobiose were determined to be 1.73 0.05 mM and 24.8 0.2 U/mg, respectively, and those on Pi were determined to be 0.73 0.06 mM and 24.5 0.7 U/mg, respectively. Then, we examined inhibition by four azasugars (IFG, DNJ, CTS and CgB2) and GCL against either cellobiose or Pi. Figure 2 shows inhibition patterns of various inhibitors by double reciprocal plots. Inhibition by CgB2 was not observed (data not shown). The inhibition modes and calculated inhibition constants are summarized in Table 3 . IFG strongly inhibited CBP, exhibiting mixed-type inhibition against cellobiose ( Fig. 2 (a) ): the Ki and Ki values were calculated as 0.75 and 4.5 μM, respectively. On the other hand, DNJ, CTS and GCL exhibited competitive inhibition against cellobiose (Figs. 2 (c), 2 (e) and 2 (g)), and the Ki values were more than 500 μM. IFG exhibited strong inhibition against Pi with an uncompetitive mode ( Fig. 2 (b) ), and the Ki value was 3.6 μM. In contrast, inhibitions by DNJ, CTS and GCL against Pi were very weak, and they apparently showed different inhibition modes. DNJ, CTS and GCL exhibited mixed, competitive, and uncompetitive inhibition against Pi, respectively (Figs. 2 (d), 2 (f) and 2 (h)). We also measured inhibition of CBP by sulfate (Fig. 2 (i) ). Sulfate ion was an extremely weak competitive inhibitor against phosphate, and the Ki value was 79 2 mM.
Crystal structures complexed with inhibitors.
Crystals of CBP complexed with two azasugars were obtained by co-crystallization in the presence of 1 mM IFG or 10 mM DNJ. The crystal growth required the presence of glucose, which binds at subsite +1, and high concentrations of (NH4)2SO4 or Na/K-phosphate as a precipitant, which occupies the anion binding site. Here, we determined three complex structures, IFG-SO4, DNJ-SO4 and DNJ-PO4, at 2.3, 2.4 and 2.7 Å resolutions, respectively (Table 2) . We also collected diffraction data from crystals grown in the presence of other glucosidase inhibitors, CTS (1 mM), CgB2 (10 mM), or GCL (2 mM), at 2.1 2.6 Å resolutions. However, the resultant electron density showed that these inhibitors were not bound to CBP (data not shown). Supplementary Fig. S1 shows the electron density maps of the ligands bound in the three complex structures. The CBP crystals contain two subunits (polypeptide chains A and B) in the asymmetric unit, and they are almost identical. We mainly describe chain A, unless otherwise noted. In spite of their medium resolutions, these crystal structures are suffi cient to determine the sugar ring conformations as well as the direc- tions of tetragonal anions. Figure 3 shows the interactions involved in recognition of the azasugar inhibitors. The sugar rings of all of the bound inhibitors are in a relaxed 4 C1 chain conformation. The hydroxyl groups of the inhibitors are recognized by several hydrogen bonds. In the IFG-SO4 complex, two water molecules mediate the inhibitor binding to the CBP protein. One of them forms hydrogen bonds with the O4 hydroxyl of IFG, Trp488 and Gln371. The other water molecule forms hydrogen bonds with the N1 amino group, sulfate, Gln712 and Arg362. The N1 atom of IFG forms hydrogen bonds with sulfate, O4 hydroxyl of glucose, and a water molecule. In both of the DNJ complex structures, the N5 amino group of DNJ forms hydrogen bonds with the O3 and O4 hydroxyls of glucose at subsite +1. The O2 hydroxyl of DNJ, which is absent in IFG, forms hydrogen bonds with the anion (phosphate) and Arg362. No water molecules are involved in the DNJ recognition except for the chain B active site of DNJ-SO4 complex, in which a water molecule forms hydrogen bonds with the O4 hydroxyl of DNJ, Trp488 and Gln371 ( Supplementary Fig. S1 (d) ). Compared to the two sulfate complex structures, the side chain of His666 is in a different conformation in the DNJ-PO4 complex, forming a hydrogen bond with the phosphate.
Figures 4 (a), 4 (b) and 4 (c) show superimposition of these inhibitor complex structures onto the glycerol-glucosephosphate complex structure, 13) the docked cellobiose with its glycon sugar in a 1 S3 conformation (ES complex), 14) and the docked oxocarboneium ion-like glucose in an E3 conformation (transition state).
14) These structures basically overlap with the inhibitor complex structures, although the C6 hydroxyl conformations of the docked molecules differ.
DISCUSSION
In the inhibitor complex structures studied here, both IFG and DNJ occupy the subsite 1 and basically mimic the in- The inhibition parameters, Ki and Ki , correspond to the inhibitions against the free enzyme and the ES complex, respectively. termediate states of the single-displacement reaction of the inverting phosphorylase. However, the bound inhibitors are both in a relaxed 4 C1 conformation, which is different from the predicted intermediate conformations.
14) The difference of the sugar ring conformer results in a slight movement solely at the anomeric atom (C1 or N1, see Figs. 4 (b) and 4 (c)). It has been shown that currently available mechanism-based inhibitors do not always exactly mimic the transition-state geometry of the sugar ring distortion in enzyme complex structures.
4)
IFG is tightly bound to CBP through many hydrogen bonds involving two water molecules. Especially, the electrostatic interaction between the amino group of IFG at the anomeric position and anion (phosphate) is likely to be the most important factor for inhibition. Since the pKa of IFG is 8. 4, 22) majority of IFG in solution has its amino group charged (protonated) under pH conditions for activity measurements (7.6) and crystallization (7.5) of this study. Two hydrogen atoms in the amino group are located at axial and equatorial positions due to the sp3 hybridization state of the nitrogen atom. One of these two hydrogen atoms, the axial one, can make a hydrogen bond with a phosphate oxygen, which should not be protonated (discussed later). The two hydrogen atoms of the protonated amino group of cellobioderived IFG bound to GH5 Cel5A from Bacillus agaradhaerens have been directly observed by high resolution Xray crystallography.
23) On the other hand, the pKa of DNJ is 6. 3, 22) and the majority of it must not be charged under the experimental conditions studied here. The weak inhibition of DNJ is likely due to the absence of electrostatic interaction and the position of the endocyclic N5 nitrogen, which is located far from the phosphate binding site (3.9 Å).
IFG was an uncompetitive inhibitor of CBP against Pi (Table 3) . Similarly, rabbit muscle GP b is uncompetitively inhibited by IFG against Pi with a Ki value of 5.2 μM.
16) The crystal structure of rabbit muscle GP b in complex with IFG showed similar characteristics to the CBP-IFG complex. 16) In the rabbit muscle GP b-IFG complex, IFG is bound in the 4 C1 conformation, and its N1 atom is closely located to phosphate oxygen (2.6 Å). As in the case of GH94 inverting CBP, GT35 retaining GP is also strongly inhibited by IFG than DNJ (Table 1) . Strong inhibition by IFG may be a character- (a, b, c) IFG-SO4 (green), DNJ-SO4 (cyan) and DNJ-PO4 (magenta) are superimposed onto the glycerol-glucose-PO4 crystal structure (a), the docked cellobiose representing the ES complex (b) and the docked oxocarbenium ionlike glucose representing the transition state (c). Glucosidase inhibitor complex structures are shown as thin lines. (d) Superimposition of all SO4 (green) and PO4 (magenta) complex structures of CBP, including both of the two chains in the three glucosidase inhibitor complex structures, as well as two previously determined structures.
13) The docked cellobiose representing the ES complex (yellow) is also shown. Presumable nucleophilic attack from a phosphate oxygen to the anomeric carbon of the glycon sugar is shown as an arrow. Typical hydrogen-bonding patterns of SO4 and PO4 complex structures are shown as dotted lines in each color. istic common to both retaining and inverting phosphorylases, since they generally have a phosphate binding site in proximity to the anomeric carbon position of the sugar binding site. 7, 24) TmBGL is strongly inhibited by IFG (Table 1) , and the Ki value is signifi cantly lower than that with CBP. The tight binding of IFG to TmBGL is due to electrostatic interactions with the two negatively charged catalytic residues, nucleophile and acid/base catalyst.
3) DNJ is also a potent inhibitor to TmBGL, but its Ki value is signifi cantly higher than that of IFG to the same enzyme (Table 1 ). In the inhibitor complex structures of TmBGL, IFG and DNJ bind in 4 C1 and 1 S3 conformations, respectively, leading to the conclusion that the superior inhibition of IFG relative to DNJ is not the result of superior transition-state mimicry but is due to more favorable electrostatic interactions.
3) In contrast to CBP, Tm-BGL is also strongly inhibited by CTS and CgB2. The extremely weak or no inhibition of these bicyclic azasugars to CBP may be due to the narrow sugar binding pocket of CBP. When CTS and CgB2 were modeled into the subsite 1 of CBP, the side chains of Glu659 and Asp490 cause steric hindrance with the inhibitors (data not shown).
Until now, we have determined fi ve crystal structures of CBP: three sulfate complex and two phosphate complex structures. Since all of these structures contain two subunits in the asymmetric unit, six sulfate and four phosphate molecules have been observed in the anion binding site. Figure  4 (d) shows superimposition of all of these ten anion molecules, indicating the difference of the hydrogen-bonding patterns between sulfate and phosphate. Gln712, Thr731 and Gly732 always form hydrogen bonds with anions, whereas His666 forms a hydrogen bond only with phosphates. The conformation of His666 is different in the sulfate and phosphate complex structures. As a result, an oxygen atom of phosphate is located at an appropriate position for the nucleophilic attack, but not for sulfate. Since the pKa2 value of phosphate is approximately 7.2, it mainly exists as HPO4 2 at the optimum pH for CBP (pH 7.6). Therefore, the protonated phosphate oxygen is assumed to be hydrogen bonded with His666. The proximal nitrogen of His666 (Nδ1) should be deprotonated because the other nitrogen (Nε2) is hydrogenbonded to the carbonyl oxygen of the side chain amide group of Gln371. On the other hand, sulfate ion exists as SO4 2 at neutral pH. The presence or absence of a hydrogen atom in these anions may cause different behaviors against CBP (namely, substrate or weak inhibitor) as well as different binding modes.
